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This investigation was conducted to determine the jner-y
10 2 9 1
1 ''Is in T J 7rom the '. ' (p,"^)?-5 reaction. ; proton
energy was varied from O.Sf> to 2.00 Mev, corresponding to






Naturally-occurring silicon is composed oT three iso-
topes as follows;




Vhen natural silicon is bombarded with protons, three
simple capture reactions can occur:
5i28 (p,Y)P29
3i 29 (p,y)P 3r)
3i 30 ( P ,y)F 31
2° 10Of the three phosphorus nuclides formed, F ? and F are
radioactive, decaying by 3 emission with half lives of L.6
seconds and 2.5 minutes respectively, while F is stable.
29 30
In order to enhance observation of Si ' (p,Y)I reso-
2°
nances, silicon enriched in oi was obtained for bombardment:




Thin targets of natural silicon and enriched silicon






comparison curves were drawn in order to determi ;' con-
2 Q 3firm known 3i • (p,Y)F " resonances. Refer to figures ']. and £,
29 30The gamma rays from the 13^9 kev 3i (p,Y)F" resonance
were analyzed by the RCLiac 128 Channel Analyzer, and seven
excited states in T J were determined using these gamma
energies. Nine additional excited states were determined
from the observed Si '(p,Y)F resonances listed in Table II.
2. Resonance and Decay Phenomena
Since 1930 various types of particle accelerators have
been developed which bave made it possible to study the ex-
cited states of light nuclei. .Vhen a nucleus is bombarded
by a light particle (in this case, a proton), the particle
may be merely scattered by the nuclear surface or coulomb
field or a compound nucleus may be formed which can decay in
a number of different ways. If decay of the compound nucleus
is by gamma emission, the excitation function for the (p,Y)
reaction can be obtained by measurement of the gamma ray
intensity as tbe incoming particle energy is varied. The
observation of resonances indicates that discrete excited
states of the compound nucleus are formed, and it is for this
reason that the accurate determination of excitation curves
is important. An extended analysis of the resonance phenomena
has been given by ?owler, Lauritsen and Lauritsen.
Examination of Table I indicates that when silicon is
bombarded with protons of less than 2.00 Mev energy (the
maximum bombarding energy investigated) gamma ray emission
W. A. Fowler, et. al., Rev. Mod. Phys., 20, 236 (19^3)

and reemission of the proton are the only decay modes ener-
getically possible after proton capture.
In order to form a compound nucleus, the proton *".ust
penetrate the coulomb barrier. Classically the coulomb
20
barrier of a Si nucleus to an entering proton is
'.J..52 Mev;
however, according to quantum theory analysis, there can be
formation of a compound nucleus even if the incident proton
energy is less than 'l.5>2 Mev and there are particular values
of this energy for which the probability of formation of the
compound nucleus is relatively large. Many of these large
reaction probabilities were observed in the proton energy
range of 0.85 to 2.00 Mev, i.e., the nine Si y (p,V)F
resonances listed in Table II.
Gamma rays may arise after inelastic scattering as well
as after capture. The lowest energy level of the silicon
twenty-nine isotope is 1.28 Mev. A proton of energy greater
than 1.32 Mev in the laboratory system of coordinates which
29
strikes a Si nucleus can be scattered inelastically ; but
since the probability of this phenomenon is low for the
energies employed, it is assumed to add insignificantly to
the observed resonances. Since no proton energies greater
than 2.10 Mev were use'' in this investigation, it is there-
fore assumed that in every event the excited phosphorus
nucleus decays by emission of quanta or by reemission of a
proton.
2
P. M. iSndt and J. C. Kluyver, Rev. Mod. Phys., 26, ?5 (1?5 ! !-)

3 . Previous I nve s t ig ; a 1 i on s
>i(p,y)P re actions ware p irst studied by aole,
Roltsmark and Tangen in 19-1-1 with proton energies between
300 and 550 !«'/. Later Tangen^" conducted more detailed in-
vestigations in this same energy range and reports i four
sharp resonances which he attributed to specific silicon
isotopes as follows:










sThe next reported investigations ware made K y Seiler'
in 1955. H is work with natural silicon verified the I4.1I4. and
500 kev resonances reported by Tangen and in addition indi-
cated resonances at 622, 675, 6-8, 703, 732, 760, 773, $
and 989 kev.
In 1956, Milani, Cooper ani "a^ris at Ohio State
University"*' investigated the 5i y (p,Y)F reaction using
silicon enriched to 80.8 percent Si . They reported
resonances at 326, (4.1)4., 698, 731, 9l8 and 957 kev.
3N. Hole, et. al., Z. P. Fhysik. 118, I4.8 (1 o1 l1)
4-R. Tangen, Kgl. :Torsks Vid. Selsk. Ski*. NR1 (19'i-6)
^M. R. Seiler, M. S. Thesis, Ohio State University 1955 &
Fhys. Rev. £9, 31+0 (1955)
J. N. Cooper, annual Report by the Ohio State University
Research Foundation, March 16, 1955 - March 15, 1956. RF
Project )-|i|0, Report ^T o. 6
7 3. Milani, et. al., F) fs. Rev. ££> 6)4.5 (1955)
1+

\t al out the same time, 3. F. Csytko nd i. F. \ntuf 'e v
,
reported resonances obtained from natural silicon targets in
the proton energy interval from. 500 to 2600 ksv. iy re-
ported new resonances at 619.5, 717, 753, 775, 800, 331, 895,
9li0, 983, 1520, 1618, 16.35, 16)47, 1663, 1680, 1699, 177 ! l,
1810, 1849, 1879, 2^20, 25U3, 2553, 2557.5, 2570 and 2572 kev.
They indicated that identification of the reaction corres-
ponding to the resonances were made below 1000 kev. They
28 29found no resonances from the 31 (p,'Y)F reaction among
those identified. Identification was accomplished by the
yield of positron activity from thin natural silicon targets.
In 1957, Seagondollar , /Voods, De Sousa and GKLass'
bombarded hyper-pure natural silicon, at the University of
Kansas, with protons of energies between 300 and ll|.00 kev.
They reported resonances at 326, 369, 4I4, 501 , 622, 697, 776,
836, 9 !;3, 957, 979, 1202, 1205, 1291, 1327 and 139k kev.
^ 30During the period 1957-1958, P ' energy level determin-
ations were publisbsd (all energies in Mev) by C. Van Der
Leun10 , P. M. Sndt11 , and N. K. Green 12 . 3ea the following
page for tabulated values.
p
S. F. Tsytko and Ju. F. Antuf'ev, J. 2xptl. Theoret. Phys.
(U.S.S.R.) 30, 1171 (June, 1956)
°L. .V. ^ean-ondollar , et. al., Bulletin \m. Phys. Soc. 3er.
II, Vol. 2, No. 6, 3O4 (1957)




. :.:. HIndt and 0. H. Paris, Fhys. Rev., 110, 89 (1953)




energy level "'a terminations published duri 1957-1*
! l. 30








2.5k 2.538 ! !-.625
2.72 2.723 U-.73U
2.8,4 2.839 1 1.929
2.9.4 2.937 P.02I4.
3 • 02 3.018 5.200
3.73 3.73 1 ! (5.233)
3 . 84 3.836 5J+12
3.93 3.926 5.50)4





























Uo '. i pment
jtons used in this lion were produced in 1
2~? ; ev (/an de Or. electros accelerator at the U. 3,
-al Postgraduate School, This horizontal accelerator was
manufactured by Righ '/oltage Engineering Corporation., The
proton source is similar to the radio frequency ion source
described by C. D, Moak , The accelerated protons were
passed through a 2£-degree magnetic analyzer to separate ions
of unwanted mass c The current through the coils or? the mag-
net was measured by a Leeds and Northrup potentiometer. The
energy width of the proton beam was defined by passing the
beam through a slit 0,8 millimeters wide at a distance of
2,1 meters from the center of the magnet.
Utilizing plans of Trofe33or S, \. MILlTiS, the turret
target chamber was constructed so that any of four mounted
targets could be positioned for bombardment without destroy-
ing the vacuum and, at the same time, could be positioned
inside a well- type scintillation crystal, [n order to
accomplish this, four 11-centimeter glass tubes (1.3 cm. O.D,)
with targets glypbal-mounted on the outer extremity were
fitted to a specially adapted circular brass flange by means
of an "0" ring-type seal, spacer and threaded locking nut.
This flange was fitted bo the beam tube flange utilizing a
guide stud and an "0" ring-type high vacuum seal. Target
selection was accomplished by rotation of the target flange
( ?jqq Figure 10) •
1 3
' C. D. Moak, H. Reese, Jr. and ./. M. Good, Nucleonics £,
No, 3, 18 (195D

\n auxiliary vacuum system was installed between the
slits an r' the targets. Valves were arranged so as to make
it possible to isolate the target chamber when a change of
targets was necessary. e target chamber was partially
evacuated before reopening to the auxiliary system. An ion-
ization gauge tube in the auxiliary system measured the
vacuum in the target area.
A wire lead-off along the outside of the glass target
tube connected the target electrically to a current integrat-
ing circuit. A short section of the beam tube next to glass
target tube was connected through a ten meg-ohm resistor to
the negative terminal of a 3">0 volt battery. The positive
terminal of the battery was grounded. Tbis arrangement
prevented the escape of any electrons from the target.
A relay of the integrating circuit was connected to the
count switch of a decimal scaler and to a timer. Similarly
connected was a solenoid-operated beam shutter which cut the
proton beam off and on. This made it possible to commence
or stop target bombardment, current integration, timing and
counting - all simultaneously. Use of the beam shutter auto-
matically interrupted the beam which prevented overheating
and unwanted bombardment of the target without shutting off
the Van de Graaff. Also, a simple on-off switch between the
shutter coil and the integrator permitted bombardment of the
target at any time while the integrator was not running.
This simplified focusing of the proton beam. Overheating of
the target was prevented during long bombardment periods by
8

directing a stream of precooled air on the target.
TVie gamma ray yield from the target was measured ^y a
two-inch diameter, well-type, thallium-activated sodium
iodide crystal mounted on a Dumont 6202 photomultiplier tube.
The signals were amplified and counted by the scaler pre-
viously mentioned (See figures 9 and 10)
.
The various energies of the gamma rays from a resonance
were measured by a four-inch diameter well-typo, thallium-
activated sodium iodide crystal mounted on a Dumont 635'±
photomultiplier tube. The signals were amplified and analyzed
by the 120 channel sealer-analyzer (RCLiac 128 Model 20607).
This sealer-analyzer is a pulse height analyzer together
with a scaler which is suitable for preset-time and preset-
count gross counting. As an analyzer, 127 channels are used
for data accumulation and the remaining channel is used as a
preset time control. As a scaler, 125 of its channels may
be used for count data storage for a preset-time mode of
operation. A photograph of the 128 channel analyzer is
shown as ?i gure 11.
5. Target Production
Aluminum, lithium-fluoride and all silicon targets were
made by vacuum plating the target material onto discs stamped
from five-mil tantalum sheeting. i'antalum "boats" were
employed for aluminum and lithium-fluoride evaporations, and
tungsten "boats" were employed for all silicon evaporations.








(99.9.'o pure natural silicon) consisting of t^e following
is o top 3 percentages
:







Silicon enriched in Si ' targets wore made from electro-






Silicon enriched in Si ' was obtained from Oak Ridge National
laboratories in the form of 3i02«
Experimentally, it was determined that the minimum thick-
ness of silicon targets was o K tained when one-half milligram
of SiOo was completely evaporated during the plating process
with the tantalum discs 15 centimeters away. The pressure
during evaporation was maintained at less than 5 x 10
millimeters of mercury. Using a rough solid angle and area
comparison, it was determined that approximately 0.005
milligrams of 3i02 was deposited on each target.
6. Experimental Procedure
Prior to investigating silicon, the Van de Graaff was
calibrated using lithium fluoride and aluminum targets. The
ii litfollowing aluminum resonances' and fluorine resonances
op. cit.
il;
P. Ajzenberg and T. Lauritsen, Rev. Mod. Phys.,27, 153(1955)
10

.".'ere used to determine calibration curve (See Figure 1)
:
Al 27 (Ep Mev) -'''" (Ep Kev)
0.771 1.091 0.831 1.290
0.980 1.112 0.8735 1,314-6





The RCLiac 128 channel analyzer was calibrated (gamma
ray energy vs. channel number) for both a four-inch and a
two-inch crystal (See Figures 2 and 3). This calibration was
accomplished by utilizing previously determined gamma ray
decay energies of the following nuclides:









Natural silicon and silicon enriched in Si / targets
were bombarded with protons of energy 0.85 to 2.00 Mev in
magnet current steps of 0.0005 amperes corresponding to
energy steps of 0.8 kev. At each magnet current setting, the
number of counts, the magnet current and the time of observa-












background count was recorded and subtracted from the number
of counts (in the correct amount, depending on the time of
observation). Rough plots of gamma ray yield vs. proton
energy were made to determine resonance peaks. . ;:i itional
runs confirmed resonance peaks as shown on Figures 'i. and 5.
These resonance peaks are tabulated in Tables IT and III.
i silicon target enriched to 70. 03 percent 3i " was
bombarded with 1309 kev protons. To ensure remaining on the
1309 kev resonance peak and to offset small magnet current
fluctuations, the reading on a linear rate meter was main-
tained at maximum value by small adjustments in magnet
current. The gamma rays emitted by excited P-^ nuclides
were detected by the four-inch scintillation crystal, a
photomul t iplier and preamplifier, and analyzed by the 128
Channel \nalyzer. To offset background radiation a run of
the same time duration, proton beam energy and environment
was made on a blank tantalum target and the results were sub-
tracted in the 128 Channel Analyzer. Gamma ray energies
obtained from the 1309 kev resonance are tabulated in Table V,
Observation of the 913, 96°), 1309, 1330, IJ4.8L, 152.'+,
1710, 1752 and 1857 kev resonances in the 3i 2? (p, V)
F
3 °
reaction determined the 6J|. I }.5, 6.1+90, 6.827, 6 . 8i|_8 , 6.995,
7.035, 7.215, 7.255 and 7.357 Mev excited states in P^°.
Neither coincidence measurements nor relative intensity
measurements on gamma rays were made in this investigation.
These measurements would have greatly aided in making spin
30
and parity assignments to the P nuclear states, resulting
12

in a more accurate utilization of the - ray
observed
.
It was assumed that the probabilities of gamma tran :i-
t i on s a m o n g the hi gh e n e r gy e x c i t e i states d e t e rm i no d on
preceding page (6J.4J4.5 to 7.3'?7 Mev) '.vera ^3ro. ..Ith this
assumption in mind, and considering the many investigations
made with the consistent observation of the 0.68, 2.550,
2.720, 2.8I4.O, and 3*868 Mev gamma rays, it was assumed that
these gammas were the transitions from excited states in
30
P to the ground state. 3y introducing excited states of
a.230 and 2.97'U Mev, all the gamma rays listed in Table V
30
were fitted between the excited states in P with statisti-
cal significance. In this manner the 0.68, 2.550, 2.720,
2.8J4.O, 2.97 1!, 3.868, and ij_.230 excited states in ?^° were
determined. These determinations are in excellent agreement
with the energy levels published by C, Van Der Leun and
p. M. dlndt (previously mentioned).
7. Resolution of Equipment
Utilizing the ratio of the change in energy to energy,
with a slit width of 0.8xl0~^ meters at a distance of 2.1
meters from the center of the magnet, the energy resolution
of the Van ds Graaff was computed, to be better than 0.2,"b at
one Mev. This corresponds to a two-kav energy width at one
Mev. Repeated determinations of resonance peaks during this
investigation indicated that the resolution is at least this
good
.
Specifications for the RCLiac 128 sealer-analyzer state
that the integral linearity is better than l/o from Channel 5
13

to 123 with less than one channel drift per each 20"? rise
in temperature. During calibration and repeated experimental
runs, integral linearity was observe^ to be this good and
channel drift never exceeded one channel over the entire
range of temperature rise.
3. Results
on
The energy levels in P-^ obtained as a result of this
investigation are contained in Figure 7. Figures Lj. and 5
show the experimental resonances obtained from Si^°(p,Y)p30
and 3i^ (p,V)P respectively. The primary purpose of this
30investigation was to determine energy levels in P from
specific resonances; however, many resonances obtained by
previous experimenters were confirmed. These resonances are
listed in Tables II and III. The increase in background
above 1.5 Mev in both natural silicon and silicon enriched
2Q P H / 90in Si ' is partly due to a broad Si (p,Y)P y resonance.
In addition, these resonances were utilized as a check
of the calibration of the Van de Graaff. It is recommended
that thicker targets, i.e., in the order of 0.31 milligrams
per target, be used to improve the statistics in determining
resonance peaks. /Ml experimenters have reported difficulty
in obtaining high yields in order to observe statistically
significant resonance peaks. This has bean partially traced
to target preparation and thickness. The method used by
Ouseva, Inopin, and Tsytko J In preparing targets by directly
^M. I, Guseva, 3. V. Inopin, and S. P. Tsytko, J. Sxptl.
Theoret. Phys. (U.S.S.R.) 36, 1 (1959)

bombarding the target Uses or tantalum in >ectogr
with the electro-magnetically separated isotope may prove
feasible and superior to the ''in vacuo" Method.
uring this invest igat ion , it 'pund that background
subtraction and frequent change of targets were essential to
offset, not only stray radiation, but also, the carbon con-
tamination which appeared to incres^a iirsctly with length
of time of target bombardment. therefore, it is further
recommended that at least 2)|/targets of the element under
investigation be prepared for any future investigations.
1*
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( a mp 3 ) <
3 IV
rs proton Enerp; 1 [mevj
T T T T BP T
1 .11+00 . r88 1 . 32 00 1.076 1.5000 1.361+ 1 .6800 1.6
1.1I+50 .796 1.3250 1 . 081+ 1.5050 1.372 1.6850 I.660
1 .1500 .801; 1.330 1.092 1.5100
_
1.380 1.6900 1.668
1 .1550 .812 1.3350 1.100 l.5l5o 1.388 1.6950 I.676
1.1600 .820 1 . 31+00 1.108 1.5200 1.396 1.7000 1.681+
1.1650 .820 1.3)4-50 1.116 1.5250 I.I+0I+ 1.7050 I.692
1.1700 .836 1.3500 1.121+ 1.5300 1.1+12 1.7100 1.700
1.1750 . 81+1+ 1.3550 1.132 l.535o 1.1+20 1.7150 1.708
1.1800 .852 1.3600 l.ll+O 1.5I+00 1.1+28 1.7200 1.716
1.1850 .860 1.3650 1.11+8 l.5l+5o 1.1+36 1.7250 1.721+
1.1900 .868 1.3700 1.156 l.55oo 1-UlU I.7300 1.732
1.1950 .876 1.3750 1.16J+ 1.5550 1.1+52 1.7350 1.71+0
1.2000 .881+ 1.3800 1.172 1.5600 1J+60 1 . 71+00 1.71+8
1.2050 .892 1.3850 1.180 1.5650 1.1+68 1.71+50 1.756
1.2100 .900 1.3900 1.188 1.5700 1.1+76 1.7500" 1.761+
1.2150 .908 1.3950 1.196 1.5750 l.)+8)+ 1.7550 1.772
1.2200 .916 l.l+ooo 1.20I+ l.58oo 1.1+92 1.7600 1.780
1.2250 .921+ 1. 1+050 1.212 1.5850 1.500 1.7650 I.788
1.2300 .932 1.1+100 1.220 1.5900 1.508 1.7700 1.796
1.2350 .9J4-O 1.1+150 1.228 1.5950 1.5l6 1.7750 1.80I+
1.21x00 .9)4.8 1.1+200 l._2l6_j 1.6000 1.52k 1.7800 1.812
1.21+50 .956 1.1+250 1.2)+)+ 1.6050 1.532 1.7850 1.820
1.2500 .961+ 1.1+300 1.252 1.6100 1.51+0 1.7900 1.828
1.2550 .972 1.1+350 1.260 1.6150 1.51+8 1.7950 I.836
1.2600 .980 lJ+1+00 1.268 1.6200 1.556 1.8000 1.81+1+
1.2650 .988 1. )+l+5o 1.276 1.6250 1.561+ 1.8050 1.852
1.2700 .996 1.1+500 1.281+ 1.6300 1.572 1.8100 1.860
1.2750 1 . 00)+ 1.1+550 1.292 1.6350 1.580 1.8150 1.868
1.2800 1.012 1.I+600 1.300 1.61+00 1 1.588 1.8200 1.876
1.2850 1.020 1.1+650 1.308 1.61+50 1.596 1.8250 1.88)+
1.2900 1.028 1.1+700 1.316 1.6500 1.60)+ 1.8300 1.892
1.2950 1.036 1.1+750 1.32)+ 1.6550 1.612 1.8350 1.900
1.3000 1 . o>+l+ lJ+800 1.332 1.6600 1.620 I.8I+00 1.908
1.3050 1.052 1.1+850 1 . 31+0 1.6650 1.628 1. 81+50 1.916
1.3100 1.060 1.I+900 1.31+8 1.6700 1.636 1.8500 I.92I+
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